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By Robert 0. Metz, JP., Joseph 5. Berdyez 
andE#maAmM.Howard 

An investigation wae oonduated in the XACA Cleveland altitude 
wkdtunnetl to d&em&m the perfomnmae of sn orlgkal md a 
modZledom~es8or opeplatingas anintegralpsrt Crp aturbojet 
epgi-* CaEpre88or perf- e datawere obtained while the 
turbojet emgibe was run over Its full operable range CS en&m 
speeds at various sImulatedaltitude sndfllght Machnumbers. 
The use of four merent ~mstaozzle-outJ,et sxe-a op1 the 
engine~~dther~eaboam~s~rgperstion. 

. 
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OperatinglJnesforboththe orQinalandthemodTfiedoam- 
peesora lay on the h%& air-flow side of the region of msxlmim 
oompreesor &fvhIlcsy. Over most aP the normal operating range of 
uomected engine speeds oompressor effiofmcy deoreased as (a) the 
altitude was raised,- (bj the flight Maoh number was ratsea, (0) the 
exheruat-nozzle-outlet area was timessod. Variatfons In the cm- 
pressor perP ommme chmsnterietics vith fli@t o"o&itions were 
attributed to the effe&s of ohanges in Reynolds number. 

A more me&y unIfonn radfal distribution of th& axial veloc- 
ity at the oompressor outlet and sli&&Ly higher stator-stage 
static-pressure ratios were obtskmd with the modified oaupressor 
than wieh the original compressor. Higher mizimum effioienoies 
were obtalnedwlththemdifiedthanwlththe original. uanpressor. 

PerPormsme data for two ll-stsge arid-flow oppressors have 
been obtained fram an investigation of a oanplete turbojet engine 
havingathruatratingof3OOOpoundscmerarsngeof simulated 
fligh% oo&Lticm fn the UCA Cleveland altitude wind tunnel. The 
use offourdifferentexhaust-nozz&-outlet ares8 extemktdthe 
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rq of engine-oamponentoperatione overwhichperfozmance data 
oould be obtained. An andysie of the turbine performanoe data 
obtained in this inveSti@iOn 18 pr?eSeIIted in refer-e 1. 

The originalo~ssorandamodifiedocmpres8or eaohoper- 
at-88 an integral part of the enginewere inveetigatedandthe 
reSIitt8 are pZW&ed herein. canpre8sor chlSxoteri8tfc8 were 
Investigated to deteme the &Yeats of varistiona in altitude, 
flight Mach number, and exhaust-nozzle-outlet area on ~preescr 
pe#OrmancJ e and to detenzlne how effectively the ocx~pre8sora were 
used In the engine. Call~essor performan 8 is presented as a 
function of air flow cured engine speed, both of which are oorrected 
to sea-level oondltione. PWfOX'm&nOe Oh~aCteriStiOS of the Orig- 
lnal andm0dWiedo0mprees0r8 areoaqaredandthe effect& 
Reynolds number On both ocanpre880ra is ahOwn. 

The Origh&l andmOdified oanpt38SOrS are ll-Stage axial-flow 
tsPg8 andhandle &bout 58.5pOu.d~ 0f &irp0rS~ond&t the rated 
engine speed of 12,300 rp tith standard sea-level 00nditiona at 
the Inlet. At this condition the oampre8sor greesure ratio is 
about 3.8. 

F,ach o~mpreesor ha8 five prinoipal OcmIponents: inlet se&ion, 
split stator cesing, rotor, blading, and annular dzIffuser (fig. 1). 
Both ccun~e880rs are alruilaa? vfth the exoeption of the eleventh- 
rotor-stage blading. III the rwi.Wd uonfiguration, the campressor 
wae modified by reduoing the load on the eleventh-stage rotor 
blades in order to obtain a mire nearly uniform veloolty distribu- 
ti0n at the oompreslsor outlet. Thie reduction wae acoapliohed 
by twisting the blades in the dire&ion of reduced angle of attaok 
3O at the midepan and 6' at the tip. 

The length of the ll-stage rotor (fig. 1) from the front face 
of the first-stage rotor disk to the rear face of the eleventh- 
et8ge rotor disk is 29.7 1nOhee and the blading has a oon&ant 
outside diameter cxF 16.9 inchee. The hub diemeter inoremee front 
9.4 inches at the firat and second stages to 14.0 Inche8 at the 
tenth and eleventh &ages. 

Air enters the ompressor throu& a single ray Of inlet guide 
vanes, which are fitted fn the inlet section. After being OCSB- 
pressed, the sir 1S'disohar~ed through tW0 FQWB Of Btraightening' 
venes into the annular Uffu8er. The StatOr bung, the etraight- 
ening vanes, azd the annular dfffuser are parts of the split etator 
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oaaing aflwermbly (fig. 2). The etator blades m 0~letel.y 
Shrouded. Labyrfnth air aeau Mat prevent leakage 8round the 
et&or blades axe fomned by the laser &rot&, vhioh fit tito 
grooves in the oonquwssor rotor. 

The 24c turbojetenginehaa anll-etage axial-flduoqpreesor 
(described in the psleoeding ee&ipn), a double-anaulus ocmbuetion 
&amber, a two-stage reaotionturbik, a tai!, pipe, and m exhaust 
noz;Zlei The rated thrwt cf amximately 3000 pounds ie obtaIned 
under sea-level etatio cunditiozm at b corrected engine epeed af 

, 

12,500 rpn. The fuel flow at this.ocmdition is appr0rimateI.y 
3200 pounds per hour. 

The enginewas lndxlleb inaviagsectionthak extended 
am066 the 20-foot-dismeter test 8eotLon of the altitude wind 
tuIme1 (fig. 3). Ckmpreasor-*etmeelrree oorreapondingto 
flightath%ghapeedmwere obtainedbgintrodmingfromthe tunnel 
make-up air ey&epn~refrigeratedairthatwaa throttledfKm 
approximately sea-level mesure to the desired preesure at the 
engine inlet. A frictionlees clip joint In the e-up air duet 
(fig. 3) permitted the meamremeut of thrust with the wind-tuunel 
balauce soale syatean. 

Adifferentengine configurationwaa needwIth eaohof the * 
two oon~emmrs imtalled. The blockIng area of the aweens at 
the canbuertion-chamberinletwaa r&wed in the modified engine. 
The ombuetionchmiber inthenmdifiedeugine differedfromthe 
original ocmbuation chamber in that the ahape and lmation of the 
sir-inlet holes In the liner uere ohanged to improve mfxing In the 
S~OOII~EXI~ ccmbusticm Zone. Thetotalareaof the air-inlet&lee 
was the aeme in both o&m&ion ch&bers.. dTo change was made in 
the eugine turbine installation. Ohangee in the modified engine 
made possible an increase in the maximum allowable turbine-outlet 
ga8 temperature and a decrease in the e&au&-nozzle-outlet area 
at which limiting turbine-outlet tmperatures weme obtained fran 
183 to 17l square inch&. 

Four engine exhamt-nozele configuration8 were wed with each 
caupressor. With one oonfiguration, exhaut gases were discharged 
franthe etraighttallpipe, whiuhhad anarea& 330 inches. 
With the other three configuratione, erha& nozzles 20 inches in 
lengthwem installed. These nozzles tapered unifomly from an 
area of 330 square inohee to outlet areaa of 232, 169, and 
171 inchee for the engine with the tiified mrapresmr snd to 280, 
232, anil 183 square inches for the engfne with the origInal 
oompreseor. w* G,. ., *,?- ---ii 
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Instrumxrtationfcrrtheme asuremmtof preseures end tempera- 
tures was installed at several statioqs through the engine (fig. 4). 
Aorces section tithe plane of'sumey at the compressor inlet 
(station 2) shattiag the location of the compressor-inlet instru- 
mentation is shown in figure 5. Capressor stator-stage static 
pressures were measured by wall orifices located between the stator 
bladesol?eachstage. Severalof thseewallorifices srs shorn in 
figure 2. Location of the inst rumsntationinthe plane of survey 
at the compressor outlet (station 4) is shown in figure 6. All 
instrumentation wss installed in a fired position aud could not be 
rotated to measure whirl velocity ccmponeuts. 

Caupressor psrfomance data were obtained for engine opera- 
tion at simulated altitudes of l&000, 25,000, 35,000, aud 
45,000feetsndaflightMachnumber of 0.53. At asimulated 
altitude cf 25,000 feet, the engine was operated at flight Mach 
numbers of 0.53, 0.86, aud 1.08. At each simulated flight condi- 
tion, the engine was run over the full operable range of speeds. 
This procedure was employed with asch of four exhaust-nozzle con- 
figurations for both cm~essoxs. 

The ccmnprsssor perfmmance data presented represent a wide 
rein@ ae compressor operation. Data obtained with the orfginal 
andmodifiedcompressors opsrating as integral parts at theturbo- 
Jet engine at various eimlatedflightconditions audwithfour 
exhaust-nozzle configurations were plotted in the form of cm- 
pressor opmatlng lines; that 36, compressor pressure ratio was 
plottedas afunctionof correctedairflowaudcormcted eugine 
speed. Typical examples of these curves are given in figure 7. 
These data wewe also plotted to determine the relation between 
oamprsseor afficienny (equation (1) of the appendix) aud cor- 
rected air flaw (fig. 8). Curves containing the data for all 
opsratingconditiom were used tomalse cornmite plots of ccm- 
preasor pelfonnanc e characteristice, au exsmpl.e of which is 
shown in figure 9. 

Withbothoriginal sndmdifiedca1~~88ors, achauge in 
altitude caused the sfficiency contour8 and lines cf ccmstsnt 
corrected engine spssdtoshiftwithrespecttothe basic parsm- 
eters of the can~essor-chsracteristlc curve (fig. 9). A similar 
8hift of the 8ffiOi8m~~On~~ and lin88 of COZTSOtedenglne 

. 
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speed was caused by a vsriation in flight Mach number (fig. 10). 
Scatter of the points taken froan cross plots of the data for the 
modified. conqzessor precludes sepsraticm of the constant corrected- 
engine-speed lfnes (fig. 10(b)), For clsrity, some Intermediate 
efficiency cc&ours snd the contour of - affiCi8llcy sre 
omItted in figures 9 snd 10. 

Anticrease inaltitude caus8dachangeinth8com~ssor 
chsraoteristic curves that was qualitatively similar to the change 
produced by a decrease in fli&t &ch number. Roth changes cause 
decreases in the Reynolds number cf the air flowing through the 
compressor. The change -Reynolds puzdber for the range of alti- 
tudes presented is more than twice that for the range of flight 
Mach numbers. Figures 9 and10showthst the chaugeinthe char- 
acteristic curves is commensurate with the change ia Reynolds 
number. The effects of changes in altitude andflight Machnumber 
on the compressor-performance charsct8rietiCS msy be attributed to 
the changes in the serodyns& c'characteristics of th8 ccmpressor 

'b&ding that accompsny changes in Reynolds number, 

A cmngarisonof the ~~~O~IU~IIC e charact8rfstics of the orig- 
Znal snd modified ccvupr8ssors at an altitude of 25,000 feat and a 
flight Machnumber of 0.53 is preeented infigure ll. CanTJresaor 
operating lines with the minimum-sreaexhaustnozzleforeachccm- 
pressor are superimposed on these chsracteristfc curves. The 
operating line for the modified compressor is slightly to the 'left 
of the operating linefor the originalcoqressor. The chauge in 
the compressor chsrscteristics is such that the msxlmum efficiency 
obtainedwith themodified ccuqressorwas about lpercenthigher 
than that obtained with the origInal cungu-essor. 

Typical examples of the radial distribution of the axial 
velocity at the ccunpressor outlet for both the origlnal ad modi- 
fied c~pressors show that the attempt to reduce the nonunifozv.&ty 
of the sxial velocity at the compressor outlet was succ8ssful 
(fig. 12). 

The ratio of the static pressure at any stage to the static 
pressure at the cmpressor inlet (station 2)'is slightly higher 
for the modified.ccmpressor than for the original comprsssor - 
(fig. 13). For the first stage, the static ~essure was less 
than the static pressur8 at the inlet because of the drop in 
static pressure due to increased air velocity through the inlet 
guide Vsn88. 

The prev& discussion has applied to compressor chsracter- 
istics in g8neral. RPfects of vtiations in altitude, fli&t 
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Maoh number, ad erhsust-nozzle-outlet area on the operation of the 
modifiedoanpressor inths engine axe shown Infigures 14tol8. 
The relative chsug8s in the positicn of the operating lines and the 
8fficfencycontours uezw such that, at a given co-ted engine 
egged, ad8crease in efficiwywas experiencedasthe altitude 
was raisedthroughantthefullrange of corrected engine speed 
(figs. 14 and 15). 

The relative positions of the effici8ncy contours snd the 
operating lines infigwr8s 16 and17 showthatthe ccmmssor 
efficiencydecxwxsedas the flight Machnmiberwas incressedfor 
corrected er@ns spseds below 11,206 rpu. Incressing the exhaust- 
nozele-otltlet sr8a reeulted in a d8CIWSS8 in casllpressor efficiency 
(figs. I.6 aud 8). 

Caapressor 8ffloiencise at engine speeds greater thsn 0.8 
rated speed, (10,000 rpm) varied from 0.80 tc 0.86. Maximum effi- 
oiencies occurredbetween corrected airflows of 51.0 and 
56.5pounds psrseccmd,correspo&Ingto corrected engine speeds 
af 11,100 and 12,000 qsl, respectively. 

Thle lnveatigation indicated that the c~ssor operating 
lines fell. on the hi& air-flow side of the region cf maximum 
effiolency (figs. 14, 16, aud l-6). The operating line for the 
C~SSOr in th8 engine with the minimum 8&aust-IloZZl8-Olrt;l8t 
area fell closest to the region of ma&uam efficiency (fig. 18). 

From sn investigation of a ccnaplete turbojet engins having a 
thrust rating of 3000 pounds in the NAcAClevelsnd altitudewind 
tUIl8ltUd8Z'Simu~teaCaslditionS of altitud8SZldflightMach 
number, the following results of ccmpr8ssor performance were 
obtained: 

1. The compressor operating lines fell a the high air-flow 
side of the region of maximum efficiency. !Che operating ldne for 
the caaprs0sor in the engine tith the minimum erhaust-noszle- 
otltl8t SZ%a fell CloS8St t0 the region Of ntnTfrmlm sfficiency. 

2. Over most af' the normal operating rsrge of corrected 
engine epseds,'compre8sor efficiency d8cressed ss (a) the alti- 
tude was raised, (b) the fliefit.Mxch number was raiseti, (c) the 
exhaust-nozzle-outlet srea was increased. m 
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3. Variations in the crpp#pessor performsnce charaoterlstics 
with altitude or flight Mkch nuuiber were attributed to chsnges in 
ammdym&C Ch~act8riStfCS & the cau1pr8ssor blading that accam- 
pany changes in Reynolds number. 

4. Modification of the eleventh-stage canpressor rotor b-g 
resulted in a more neSJ%y uniform radial distribution & the axial 
velocity at the c~ssor outlet and slightly Increased the stator- 
stage static-peasure ratio. High= mnrimlrm 8ffici8Il&eS Wer8 
obtained with the modZf'i8d canpressor than with the original cau- 
pressor. 

5. Compressor efficiencies at engine speeds gr8ater thsn 
0.8 rated speed (10,000 rpm) varied fKm 0.80 to 0.86. Maximum 
efficiencies cccurred between correckd air flows of 51.0 and 
56.5 pounds per second, cozTespondingt0 corrected engine speeds 
of 11,100 and 12,000 qm, respectively. 

Flight Propulsion Research Laboratory, 
National Advisory Ccmmitiee for Aeronautics, 

cl8v8lsnd, Ohio. 

t 
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The sgPlbolsusedlnthis aualysis are: 

epecific heat at constant ~essure, Btu/(lb)(41) 
. 

acceleratlcm due to gravity, 32.2 ft/sec2 

mechmical'equivalent Crp heat, 778 ft-lb/&u 

fli&rt Bch number 

total Fesswe, lb/sq ft absolute 

static pressure, lb/sq ft absolute 

total tempsrature, OR 

axial velocity, ft/eec 

air flow, lb/set 

ratio of specific heat at con&ant ~essure to specific heat 
atconstantvolmie 

ratio of c~ssor-inlet total Pressure to NACA standard 
eea-level pressure 

com~s8or effioiency 

ratio of ccrmpressor-inlet absolute total tempererture to 
HAW stsndard eea-level absolute tnmperature 

Subscripts: 

2 cmmpressor inlet 

3 c~pressor stator stages 

4 canpressor outlet 

0 canpressor 
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The stations to whit41 the mzmerical subscripts r&m are shown 
in figure 4. 

Thefollowln&pEmmeters areused ingeWralizingthe results 
to IUiCA et- atmoe@mric cotiticns at sea level: 

w&n 
8 corrected airflov, lb/set 

. 

5 corrected en@le speed, rpn 

c8lcul&tions 

Static temperature was calculated frcm Indicated tsmperatum 
by assming a the~ccuple Impact rscoveryfactor of 0.85. Total 
temperatures at the compressor inlet andatthe cc0xpressoroutlet 
were assumed to be equal to the coz~esponding indicated tempera- 
bares becease the 8verctge velocities were relebtively low st these 
st&tions. This assumption intmduced su emcr & less thm 2OF. 

Airflowwss coqmtedfromthe~sures endthetqperatuzes 
measured at the cowl inlet (station 1) by'mesns of the ccntinuity 
equhion. 

Conpessor &ffciency. - The following equation wss used tc 
calculate the adiabatic temperature-rise ccqpresscr efficiency: 

*em rc is the ratio of specific heats corresponding to the 
average total tmperature & the sir flowing through the canp-essor. 

Canpressor-outlet axkl velocity. - The axial velocities at 
the cm~pressor outlet were calculated frcxn the relation 
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where 

p4 tot&l pressure obtained by averaging pt-essure reading8 cd 
instrumentation loo&ted at esch inteeptal distanoe from 
inner wall rxf ompressor-outlet annulus 

T4 merage & allindic8tedtemperatures messured atststlon4 

P4 average of all static pmssures memured at station 4 

Average values & the i&lo&ted teqmrature snd the static pres- 
sure were used bemuse the tmiqerature and et&lo-pressure dls- 
trlbutlons were relatively uniform. 

1. Coxmd, Earl U., Die%, Robert O., Jr., and Colladay, Riohard I,.: 
Altitude-Wind-Tunnel Investigation of a 3COO-Pound-!Rmust 
Axial-Flow Turbojet -tie. I - Ane4lysis of Turbine Perfarm- 
aace. SiIACA RM No. E8A23, 1948. 
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I 0 Total-pressure tube 
0 static-prsssum trJIs 
0 Thermoc3ouple 

Figure 5. - Instrumentation at compressor inlet, station 2, 
9 inch behind rear flange of oil cooler. 
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m  

60' y/-tt600, 

0 Total-pressure tube 
0 Static-pressure tube 
8 Themmocouple 

Figure 6. - Instrumentation at compressor outlet, station 4, 
1; inches bebin& trailing edge of oompressor-outlet 
straightening vanes. 

-. 
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Corrected air flor, (W,@)/8, lb/see 
(a) Relation between oompreseor pressure ratio and correoted 

air flow. 
Figure 7. - Effeot of exhaust-nozzle-outlet are8 on 00 

operating line for modified compreeaor. Altitude, 25, $ 
re88or 
00 

feet; flight Maoh number, 0.53. 



NACA RM No, OBA26a ( 

f 

. 

. 

4.2 

3.8 

A 330 
3.0. lpd/b / 

2.6 

1.8 

0 4 6 
Corrected e&e apee;; N/c, I$ 

14 

(b) Relation between compreaaor pressure ratio and corrected 
engine .apeed. 

Figure 7. - Concluded. Effect of exhaustllozzle-outlet area on 
oompreasor operating 1-e for modified compressor. Altitude, 
25,000 feet; flight Maah number, 0.53. 
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Corrected air flow, (Wba)/6, lb/see 
'lgura 8. - Relatfon between aompresaor efficiency nnd aorrectmd . 

air flow of modffied compmasor for various sxhmmt-nax~let- 
outlet areaa. Altitude, 25,000 feet; flight Mach numImr, 0.53. 
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(a) Original compressor. 
Figure 9, - Effect of altitude on compressor performance 

characteristics. Flight Mach number, O.SS. 
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(b) Modified compreeaor. 
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Plgure 9. - Uoncluded. FXrect of altitude on oompressor 
performance characterietlcs. Fllg@t Mach number, 0.53. 
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Corrected air Plow, (Wg~a)/8, lb/set 
(a) Original compressor. 

Figure 10. - Effebt of flight Mach number on compressor 
performance characteristics. Altitude, 25,000 feet. 
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(b) Modified uompremor. 
Figure 10. - Conaludsd. EXrect of flight Mach number on 

compressor performance characteristics. Altitude, 25,000 
feet. 

dw-~ 



MACA RM No. E8A26a 27 

0 
G 

4. 

3. 

3. 

3. 

2. 

2. 

1. 

1. 

1. 

Compressor 

------ Operating line 

8 

F . 
4 F 
0 c 

10 20 30 
Corrected air flow, 
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Figure 11. - Comparison of performance characteristic curved 
for original and modified compressors with operating lI.nes 
for minimum exhaustnozzle-outlet area auperlmpoasd. 
Simulated altitude, 25,000 feet; flight Mach number, 0.53. 
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'Figure 19. - Radh3. distribution of cameoted axial velooity at outlet of original 
and modified aampreasora. Corrsoted engine speed, 32,000 rpm; flight Maah 
number, 0.53. 
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Compressor 

------Orfginal 
Modified 

3. 
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(a) Simulated altitude, 15,000 feet. 

2 3 4 5 6 7 8 9 IO 11 
Stator atage 

(b) Simulated altitude, 45,000 feet. 

Figure 13. - Stator-stage static-pressure ratio r0r original 
and modified compreeeor8. Correoted engine speed, 12,000 
rpm; flight Mash number, 0.53; minimum exhaust-noxxle- 
outlet area. 
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Figure 14. - Performance characteristic curves and operating 
lines for modffied compressor at various altitudes. Flight 
Mach number, 0.53; exhaust-nozzle-outlet area, 171 square 
inchem. 
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Figure 15. - Relation between compressor errioi8ncg and 
corrected air flow for modIfIed aompressor at various 
altitudes. Flight Haah number, 0.53; exhaust-noesle- 
outlet area, 171 aquare inches. 
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Figure 16. - Performance +araoterlstio ourves and operating 
lines for modified oompresaor at various flight Mach 
numbers. Simulated altitude, 25,000 feet; exkuut-noz~la- 
outlet area, 171 square inohes. 
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Figure 17. - Relation between oompressor effioienoy and 
corrected air flow for modified aompressor at various 
flight Maoh numbers. Simulated altitude, 25,000 feet; 
exhaust-nomle-outlet area, 171 square lnohes. 
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Figure 18. - Performance oharaoteriatio ourve for modiflsd 

oonpressor with operating lines for various exhausttlozsls- 
outlet areas. 
number, 0.53. 

Simulated altitude, 26,000 feet; flight Mach 
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